In addition to ss and ds genomic DNA, agroinoculation ofNicotiana benthamiana plants with the Logan strain of the geminivirus beet curly top virus (BCTV) consistently resulted in de novo production of subgenomic DNAs on initial passage. Single-stranded and dsDNA forms representing at least seven size classes (0-8 to 1.8 kb) of subgenomic DNA were observed in total DNA extracts from inoculated plants. Extracts from infected sugar beet and tomato contained variable but usually smaller amounts of subgenomic DNAs, suggesting that their production may be influenced by the host species. Restriction endonuclease mapping and partial nucleotide sequencing of three independent clones of a 1-5 kb size class indicated that this subgenomic DNA is produced from the standard viral genome by two separate deletion events. One deletion of 941 bp includes portions of the leftward open reading frames (ORFs) L1, L2 and L3, while the other deletion of 579 bp encompasses portions of the intergenic region and the rightward ORFs R1, R2 and R3. The data indicate that the 1.5 kb BCTV subgenomic DNA is a defective DNA that has retained ciselements essential for replication.
Introduction
Members of the geminivirus group of plant viruses encapsidate circular ssDNA molecules that replicate in infected plants via a dsDNA intermediate (for review, see Lazarowitz, 1987; Davies & Stanley, 1989; Bisaro et al., 1990) . Recent evidence suggests that DNA replication occurs by a rolling circle mechanism similar to one employed by ssDNA-containing bacteriophages (Saunders et al., 1991; Stenger et al., 1991) . The geminiviruses may be divided into at least three subgroups on the basis of genome organization, type of insect vector and host range. One subgroup includes viruses that infect dicotyledonous plants, are transmitted by whiteflies and have genomes divided between two 2-5 to 2-7 kb DNA components, designated A and B. Members of this bipartite subgroup include tomato golden mosaic virus (TGMV; Hamilton et al., 1984) , African cassava mosaic virus (ACMV; formerly cassava latent virus, Stanley & Gay, 1983) and tomato yellow leaf curl virus (TYLCV, Rochester et al., 1990) . With the exception of TYLCV, both genome components are required for infectivity and symptom development (Hamilton et al., 1983; Stanley, 1983) ; however, the A genome component encodes all viral functions necessary for the replication and encapsidation of viral DNA (Rogers et al., 1986; Townsend et al., 1986; Sunter et al., 1987) . Geminiviruses belonging to a second subgroup, which includes wheat dwarf virus (WDV; MacDowell et al., 1985) , are transmitted by leafhoppers, have monopartite genomes 2.7 to 3-0 kb in size and infect monocotyledonous plants. A third subgroup is presently composed of only a single member, beet curly top virus (BCTV; Stanley et al., 1986) . BCTV has a 3.0 kb monopartite genome, is leafhopper-transmitted, and has a wide host range that includes dicotyledonous plants in over 40 different families.
In addition to the expected full-length ss-and dsDNA forms of the viral genome, smaller virus-specific DNA molecules have been observed in plants infected with TGMV (Hamilton et al., 1982) , ACMV (Stanley & Townsend, 1985) , WDV (Macdonald et al., 1988) and TYLCV (Czosnek et al., 1989) . These subgenomic viral DNAs are approximately half the size of the standard viral genome and in cultures of bipartite viruses usually are derived from the B genome component. Subgenomic DNAs are not required for infectivity, since inoculation of plants with cloned genomic DNA results in a wildtype systemic infection, usually without de novo production of subgenomic DNA forms on the initial passage (Hamilton et al., 1983; Stanley & Townsend, 1985) . Subsequent serial passage of progeny virus may result in the reappearance of subgenomic DNA (MacDowell et al., 1986) . Townsend, 1985) and WDV (Macdonald et al., 1988) subgenomic DNAs indicate that they contain deletions which disrupt viral open reading frames (ORFs) essential for infectivity. The subgenomic DNAs are therefore defective, although they must retain cis-acting sequences essential for replication. Subgenomic DNAs have been shown to reduce viral replication and infectivity (Stanley & Townsend, 1985; MacDowell et al., 1986; Frischmuth & Stanley, 1991) and, in the case of ACMV, to attenuate disease symptoms (Stanley et al., 1990) . Thus, these subgenomic DNAs are considered to be defective interfering molecules (for review, see Holland, 1990) . Full-length clones of the Logan strain of BCTV have been constructed and shown to be infectious (Stenger et al., 1990) . The Logan strain is closely related to the previously characterized California strain, with which it shares >90% nucleotide sequence identity S. G. Hormuzdi & D. M. Bisaro, unpublished results) . In this report, we demonstrate that the Logan strain consistently produces subgenomic DNAs on the initial passage from cloned DNA inoculum. We further characterize one specific class of subgenomic BCTV DNA by restriction mapping and nucleotide sequencing.
The results indicate that it is a defective DNA similar to those associated with other geminiviruses.
Methods
Construction of inoculum DNAs. All restriction endonucleases and DNA-modifying enzymes were used as recommended by the manufacturers. Other techniques were performed essentially as described by Ausubel et al. (1987) , unless otherwise stated. A full-length infectious DNA clone (pLogan) of the Logan strain of BCTV has been described previously (Stenger et al., 1990) . The Ti plasmid binary vector pMON521 (a derivative of pMON505; Rogers et al., 1987) containing two copies of BCTV-Logan DNA as a tandem repeat (pMLogan) was constructed and introduced into Agrobacterium tumefaciens (Stenger et al., 1991) . Nicotiana benthamiana, sugar beet (Beta vulgaris, cv. Spreckles Sugar SS2) or tomato (Lycopersicon esculentum) plants were agroinoculated (Grimsley et al., 1987) as described for BCTV by Briddon et al. (1989) .
Analysis of viral DNA forms in plant extracts. Total DNA was isolated from plants as described by Stenger et al. (1991) , except that LiC1 precipitation was omitted. DNA samples (1 ~tg) were analysed by Southern blot hybridization as native viral DNA forms, or after ScaI digestion. Strand-specific riboprobes were prepared by T7 transcription of pCT9 and pCT10, which contain BCTV DNA inserted in the opposite orientation relative to the T7 promoter of pBluescript SK + (Stratagene). RNA transcribed from pCT9 was of the same polarity as viral sense (encapsidated) ssDNA, and RNA transcribed from pCT 10 was complementary sense.
Molecular cloning and characterization of BCTV subgenomic DNA. A specific size class (1.5 kb) of BCTV subgenomic DNA present in a total DNA extract obtained from the pooled leaves of six infected AT. benthamiana plants was linearized by digestion with Csp45I and isolated from agarose gel. The gel-purified DNA was ligated to Csp451digested pGEM-7Zf(+) (Promega) and used to transform Escherichia coli strain DH5~F'. Transformants were screened by colony hybridization using the gel-purified, nick-translated viral DNA insert of pLogan as a probe. Five plasmids (pLSG23, pLSG36, pLSG110, pLSG113 and pLSG 126) which contained virus-specific inserts were selected and the identity of the cloned DNA in each was verified by Southern blot hybridization after excision of insert sequences by Csp45I digestion.
Characterization of cloned DNA. Restriction endonuclease mapping was performed to locate the boundaries of deletions in the subgenomic DNA, and fine mapping of the deletion endpoints was accomplished by nucleotide sequencing (Sanger et al., 1977) using Sequenase 2-0 (U.S. Biochemicals). The boundaries of a deletion which mapped to the intergenic region and the rightward ORFs were determined by doublestranded sequencing following deletion of a 266 bp BstXI fragment (one site at nucleotide 978 and another in the multilinker cloning site of the vector) to position the boundaries near the M 13 universal primer sites in pGEM-7Zf(+). The boundaries of the rightward deletion were also sequenced following subcloning of a 413 bp HinclI-HindllI fragment (HinclI site at nucleotide 225 and HindllI site in the multilinker cloning site of the vector) into M13mpl9 (Messing & Vieira, 1982) . The boundaries of a deletion within the leftward ORFs were sequenced after subcloning a 167 bp Sau3AI fragment containing the boundaries into M 13mp19. Boundary sequences were determined for both strands of one subgenomic clone (pLSG23), and were verified by sequencing one strand of each deletion boundary from two additional, independent subgenomic clones (pLSG36 and pLSG126).
Results

BCTV DNA forms present in plant extracts
Agroinoculation was used to deliver BCTV to plants since mechanical inoculation of this virus by more traditional methods is extremely inefficient. DNA extracts obtained from individual N. benthamiana, sugar beet and tomato plants agroinoculated with A. tumefaciens, harbouring a Ti plasmid containing tandemly repeated copies of BCTV-Logan DNA, contained typical genome-sized viral ss-and dsDNA forms (Fig. 1) . The amount of viral dsDNA present in inoculated tomato plants was reduced, relative to the other host species. In addition to the genome-sized DNAs, extracts from all plants contained viral subgenomic DNA forms ( Fig. 1) . Subgenomic DNAs were abundant in N. benthamiana and usually were present at lower levels in infected sugar beet and tomato plants. The sizes and amounts of subgenomic DNA varied between individual plants of the same species.
Subgenomic DNA forms present in the total DNA extract obtained from six infected N. benthamiana plants were characterized by nuclease digestion and by hybridization with strand-specific probes. As shown in Fig. 2 , several DNA species with a mobility greater than that of genomic supercoiled DNA were observed following hybridization with a probe specific for the viral strand. Some of these DNA species (labelled SS and SS/SG in shown) and did not hybridize with a probe specific for complementary strand D N A , indicating that they are s s D N A forms of genomic or subgenomic D N A s . The bands corresponding to the subgenomic s s D N A were diffuse, suggesting that each was composed of several distinct species of similar size. In contrast, most of the D N A forms that hybridized with the complementary strand-specific probe appeared to be supercoiled d s D N A , since they were insensitive to $1 nuclease (data not shown) and their mobility was decreased following digestion with ScaI (Fig. 2, lanes 2 and 3) . The single ScaI recognition site in B C T V D N A is located near the conserved geminivirus hairpin, a sequence which is essential for viral D N A replication (Revington et al., 1989; Stenger et al., 1991) . Digestion of the d s D N A forms with ScaI resulted in the appearance of full-length linear genomic d s D N A (3-0 kb) as well as smaller linear d s D N A s (Fig. 2) . These results suggest that there are seven classes of subgenomic D N A estimated to be 1-8, 1-7, 1.5, 1.2, 1-0, 0.95 and 0-85 kb in size.
Analysis of a cloned B C T V subgenomic DNA
The 1.5 kb size class of subgenomic D N A was chosen for further analysis as it, like the subgenomic D N A s of other geminiviruses, is about half the size of the standard genome. Five independently isolated recombinant plasmids containing this BCTV subgenomic D N A (pLSG23, pLSG36, p L S G l l 0 , p L S G l l 3 and pLSG126) were characterized by restriction mapping with enzymes known to cleave B C T V -L o g a n genomic D N A . The results of this analysis are summarized in Fig. 3 . Except for their orientation within the cloning vector, the five cloned D N A s appeared to be identical at this level of analysis. Restriction mapping indicated that the subgenomic D N A had suffered two separate deletions, designated AL and AR (Fig. 3) Bisaro, unpublished results) . The location of the conserved geminivirus hairpin sequence within the intergenic region is also indicated. The ORFs are referred to as L and R (left and right) rather than C and V (complementary and viral sense), which was used in an earlier study of BCTV (Briddon et al., 1989) . The L and R nomenclature was originally proposed for TGMV (Hamilton et al., 1984) Precise mapping of the AL and AR boundaries was accomplished by nucleotide sequencing. The boundary region sequences of three subgenomic clones (pLSG23, pLSG36 and pLSG 126) were determined and found to be identical (Fig. 4) . Comparison of the subgenomic D N A sequences and the sequence of the standard BCTV-Logan genome indicated that AL and AR were 941 and 579 bp in size, suggesting a size of 1518 bp for the subgenomic DNA. In each case, the deletion boundaries occurred within a direct repeat of either six nucleotides (AL, T C G A A T ) or two nucleotides (AR, AG). A single copy of each repeat was retained in the subgenomic DNA.
Discussion
We have demonstrated that agroinoculation of N. benthamiana with the Logan strain of BCTV results in the production of both the 3038 bp genomic D N A as well as subgenomic viral D N A forms upon initial passage. Seven classes of subgenomic D N A ranging in size from 0.8 to 1-8 kb were observed. Restriction mapping and sequencing of the deletion boundary regions of clones derived from a 1-5 kb subgenomic D N A molecule have shown that this particular species is a defective D N A that contains two separate deletions designated AL (941 bp) and AR (579 bp). The size of the subgenomic D N A is therefore estimated to be 1518 bp, assuming there are no additional small deletions or insertions. Restriction analysis suggests that additonal sequence alterations larger than approx. 20 bp have not occurred in the subgenomic sequence. The AL and AR deletions disrupt all presumptive BCTV ORFs including L1 and R1, which are essential for BCTV D N A replication and systemic movement, respectively (Briddon et al., 1989) . In this respect, the 1.5 kb D N A is similar to other characterized geminivirus subgenomic D N A s which also appear to be defective (Stanley & Townsend, 1985; MacDowell et al., 1986; Macdonald et al., 1988) . It is interesting to note, however, that AL results in an O R F fusion encoding a protein consisting of 56 amino acid residues from the amino terminus of L1 and 112 amino acids from the carboxy terminus of L3. Whether such a protein is produced is unknown.
BCTV-Logan clearly generates several subgenomic D N A molecules of different sizes, and similar subgenomic D N A forms are produced upon agroinoculation of plants with other BCTV isolates, including the Worland and C F H strains (unpublished data). In contrast, other geminiviruses examined to date accumulate only a single size class of subgenomic DNA. In the case of the bipartite viruses T G M V and ACMV, subgenomic D N A is generated by a single large deletion of 1200 to 1400 nucleotides in DNA B. However, like BCTV, subgenomic DNAs associated with the monopartite WDV are the result of two separate deletions of approx. 1400 nucleotides and 67 nucleotides. Regardless of the number of deletions, the TGMV, ACMV and WDV subgenomic DNAs are about half the size of the standard viral genome. It has been suggested that molecules of this size may predominate as a result of a stringent size selection for encapsidation, perhaps in half-size isometric particles that are frequently seen in geminivirus preparations (Stanley & Townsend, 1985; MacDowell et al., 1986) . Such a selection would presumably be imposed during serial passage. It is not known whether BCTV subgenomic DNAs are encapsidated, but the relatively large amounts of subgenomic ssDNA in extracts from infected plants suggest that at least some of them are. Subgenomic DNA molecules of discrete sizes may be generated as a result of errors during DNA replication (perhaps by copy choice or polymerase 'jumping'), by recombination events or by some other mechanism. Once generated, they may be efficiently replicated due to their small size and may be maintained during the course of infection with or without encapsidation.
Examination of the 1.5 kb BCTV subgenomic DNA indicates that deletions have occurred between short direct repeats located at distant sites in the standard viral genome, and that a single copy of the repeated sequence is present in the defective DNA. Interestingly, the short repeated sequences at the AL (TCGAAT) and AR (AG) boundaries are nearly identical to repeats found at the deletion boundaries in subgenomic ACMV DNAs (TCCAATG and AGC; Stanley & Townsend, 1985) . It seems likely that the direct repeats in some way specify the deletion endpoints. However, similar repeats are not found at deletion boundaries in TGMV and WDV subgenomic DNAs (MacDowell et al., 1986; Macdonald et al., 1988) .
In the case of TGMV, ACMV and WDV, subgenomic DNAs usually do not appear on initial passage from a cloned DNA inoculum. However, it has been shown that a subgenomic form of DNA A is observed on first passage when plants are inoculated with uncut plasmids containing tandemly repeated copies of the TGMV A and B genome components (Hayes et al., 1988) . It is possible that the BCTV subgenomic DNAs we have observed are also the result of inoculation of plants with plasmids containing tandem repeats of the BCTV genome. Several observations argue against this conclusion: (i) the production of BCTV-Logan subgenomic DNAs appears to be influenced by the host, as the same inoculum which consistently induced de novo production of large amounts of subgenomic DNA in N. benthamiana produced variable but usually smaller amounts of subgenomic DNA in sugar beet and tomato; (ii) inoculation of N. benthamiana with tandem repeats of the closely related California strain of BCTV apparently does not give rise to subgenomic DNA forms on the initial passage (Briddon et al., 1989) , suggesting that viral genotype may also influence the production of subgenomic DNA; (iii) the presence of direct repeats at the deletion boundaries of both BCTV and ACMV subgenomic DNA molecules, the latter derived from uncloned virus cultures, implies that the mechanism responsible for subgenomic DNA production is a feature shared by divergent geminiviruses rather than a consequence of the form of the inoculum.
Although information concerning the remaining BCTV subgenomic DNAs is limited, the presence of subgenomic ss-and dsDNA forms indicates that cisacting sequence elements essential for viral DNA replication (plus and minus strand origins of replication) and possibly encapsidation are retained by molecules of all size classes. The BCTV plus strand origin of replication has been shown to include the conserved geminivirus hairpin that is essential for viral DNA synthesis (Revington et al., 1989; Stenger et al., 1991) . The conserved hairpin sequence is retained in subgenomic DNAs associated with other geminiviruses (Stanley & Townsend, 1985; MacDowell et al., 1986; Macdonald et al., 1988) ; restriction analysis suggests it is also retained in all BCTV subgenomic DNAs. Analysis of additional BCTV subgenomic DNAs could prove useful for further characterization of replication origins and potential encapsidation signals, as well as for identification of viral and host factors that contribute to the de novo production of geminivirus subgenomic DNAs.
